Submitted to the Annals of Applied Probability
arXiv: math.PR/1112.6330

THE DIAMETER OF WEIGHTED RANDOM GRAPHS

By HAMED AMINI AND MARC LELARGE

EPFL and INRIA

In this paper we study the impact of random exponential edge
weights on the distances in a random graph and, in particular, on its
diameter. Our main result consists of a precise asymptotic expres-
sion for the maximal weight of the shortest weight paths between all
vertices (the weighted diameter) of sparse random graphs, when the
edge weights are i.i.d. exponential random variables.

1. Introduction and main results. Real-world networks are described
not only by their graph structure, which give us information about valid links
between vertices in the network, but also by their associated edge weights,
representing cost or time required to traverse the edge. The analysis of the
asymptotics of typical distances in edge weighted graphs has received much
interest by the statistical physics community in the context of first passage
percolation problems. First-passage percolation (FPP) describes the dynam-
ics of a fluid spreading within a random medium. In this paper we study the
impact of random exponential edge weights on the distances in a random
graph and, in particular, on its diameter.

The typical distance and diameter of non-weighted graphs have been stud-
ied by many people, for various models of random graphs. A few examples
are the results of Bollobds and Fernandez de la Vega [12], van der Hofstad,
Hooghiemstra and Van Mieghem [19], Fernholz and Ramachandran [16],
Chung and Lu [14], Bollobas, Janson and Riordan [13] and Riordan and
Wormald [30]. First passage percolation model has been mainly studied on
lattices motivated by its subadditive property and its link to a number of
other stochastic processes, see e.g., [17, 26, 18] for a more detailed discussion.
First passage percolation with exponential weights has received substantial
attention (see e.g. [5, 19, 6, 8, 20, 7]), in particular on the complete graph,
and, more recently, also on random graphs.

A weighted graph (G, w) is the data of a graph G = (V, E') and a collection
of weights w = {w}ecp associated to each edge e € E. We suppose that
all the edge weights are non-negative. For two vertices a and b € V| a path
between a and b is a sequence m = (e, e3,...¢€,) where e; = {v;_1,v;} € E
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and v; € V for i € {1,...,k} = [L,k], with v9 = a and vy = b. We write
e € 7 if the edge e € E belongs to the path 7, i.e., if e = ¢; for an i € [1, k.
For a,b € V, the weighted distance between a and b is given by

disty, (a, b) = disty (a,b; G) = min We

where the minimum is taken over all the paths between a and b in the graph
G. The weighted diameter is then given by

diam,,(G) = max{disty(a,b), a,b € V, disty(a,b) < oo},
and the weighted flooding time for a € V is defined by
floody, (@, G) = max{disty(a,b), b € V, disty(a,b) < co}.

1.1. Random graphs with given degree sequence. For n € N, let (d;)} be a
sequence of non-negative integers such that » " ; d; is even. By means of the
configuration model (Bender and Canfield [4], Bollobas[10]), we define a ran-
dom multigraph with given degree sequence (d;)}, denoted by G*(n, (d;)T)
as follows: to each node i € [1,n] we associate d; labeled half-edges. All
half-edges need to be paired to construct the graph, this is done by uni-
formly matching them. When a half-edge of ¢ is paired with a half-edge of
j, we interpret this as an edge between i and j. The graph G*(n,(d;)})
obtained following this procedure may not be simple, i.e., may contain self-
loops due to the pairing of two half-edges of i, and multi-edges due to the
existence of more than one pairing between two given nodes. Conditional
on the multigraph G*(n, (d;)}) being a simple graph, we obtain a uniformly
distributed random graph with the given degree sequence, which we denote
by G(n, (d;)}), [23]. We consider asymptotics as the numbers of vertices tend
to infinity, and thus we assume throughout the paper that we are given, for
each n, a sequence d™ = (dg"))? = (d;)} of non-negative integers such that
Yo dgn) is even. For notational simplicity we will sometimes not show the
dependency on n explicitly.

For k € N, let u,(cn) = |{i, d; = k}| be the number of vertices of degree
k. From now on, we assume that the sequence (d;)} satisfies the following
regularity conditions analogous to the ones introduced in [29]:

CONDITION 1.1. For each n, d = (dl(n))?l1 = (d;)} is a sequence of
positive integers such that » " ; d; is even and, for some probability distri-
bution (p,)>2; over integers independent of n and with finite mean p :=

> k>1kpk € [1,00), the following holds:
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(i) uén)/n — pi for every k > 1 as n — oo;

(ii) For some e > 0, 31, d>T = O(n).

Note that the condition d; > 1 for all 7, is not restrictive since removing
all isolated vertices from a graph will not affect the (weighted) distances.

1.2. Main results. We define ¢ = {qi}32, the size-biased probability
mass function corresponding to p, by

k+1
(1.1) VE >0, q:i= Mj
i
and let v denote its mean:
(1.2) vi=> kg € (0,00) (By Condition 1.1(ii)).

k=0

Let ¢,(z) be the probability generating function of {pp}32,: ¢dp(2) =
Py pr2", and let ¢,(z) be the probability generating function of {a 120
bg(2) = S a2t = ¢,(2)/p. In this paper, we will consider only the
case where v > 1. In particular, there exists a unique A in (0, 1) such that
A = ¢¢(A) and if C is the size (in number of vertices) of the largest component
of G(n,(d;)}), then we have by [Molloy, Reed [29] - Janson, Luczak [23]]:
C/n 51— ¢,(N) > 0. In addition, we introduce

(1.3) Ae=p(N) =D kg e(0,1).
k=1

We can now state our main theorem.

THEOREM 1.2. Let (G(n,(d;)}),w) be a sequence of random weighted
graphs where w = {we teep are i.i.d. rate one exponential random variables.
Assume Condition 1.1 and that v defined in (1.2) is such that v > 1.
Assume that all the graphs have the same minimum degree denoted by dmin =
min;e(y ) d; and moreover that pg,,. > 0. Let I' : N* — R be defined by:

(1.4) T(d):=dl[d>3]+2(1—q)1[d=2]+ (1 - X\)1[d=1].

Let a, b be two uniformly chosen vertices in this graph. If we condition the
vertices a and b to be connected, we have

disty (a, b; G(n, (di)})) N 1

1.5 .
(15) logn v—1
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If we condition the vertex a to be in the largest component, we have

floody, (a, G(n, (d)}))  » 1 1
(1.6) logn — v—1 + [(dmin)

Finally, we have:

diamy (G(n, (d)}) . 1 . 2
(1.7) logn — v—1 + [(dpin)

REMARK 1.3. Note that v > 1 implies that Y .~ ; k(k—2)p; > 0 so that
there is a positive fraction of nodes in G(n, (d;)}) with degree 3 or larger.

In particular, we have ¢; = 2pa/pu < 1 and A\, < 1 so that we have I'(d) > 0
foralld e N* = {1,2...}.

We now comment our result with respect to related literature. Our main
contribution is (1.7) while results (1.5) and (1.6) follow from the analysis
required to prove (1.7). Indeed, a much stronger version of (1.5) has been
proved for a sligthly different model of random graphs by Bhamidi, van
der Hofstad, and Hooghiemstra in [8]. Theorem 3.1 in [8] shows that if the
sequence (d;)7 is a sequence of i.i.d. (nondegenerate) random variables with
dmin > 2 and finite variance, then there exists a random variable V' such
that (conditioning on a and b being connected)

|
_logn 4y,
v—1

disty, (a, b; G*(n, (d;)71)))

We expect this result to be valid for our model of random graphs G(n, (d;)})
where the degrees d; satisfy Condition 1.1 (but we did not try to prove it).
[8] and [7] give also results when the degree sequence has no finite second
moment and no finite first moment.

Motivated by the analysis of the diameter of the largest component of
a critical Erdés-Rényi random graph (without edge weights), Ding, Kim,
Lubetzky, and Peres [15] show that if d; = r > 3 for all 4, then we have with
high probability:

1

r—2

diam,, (G*(n,r)) = < + 2> logn + O(loglogn).
r

The intuition behind this formula is simple: consider a vertex in G*(n,r),
its closest neighbor is at distance given by an exponential random variable

with rate r (i.e. the minimun of r exponential rate one random variables).
Hence the probability for this distance to be larger than logn/r is n™!. Since
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there are n vertices with degree r, a simple argument shows that we will find
two nodes with closest neighbors at distance logn/r. The diameter will be
obtained by taking a shortest path between these two nodes. Each such
node will first give a contribution of logn/r to reach its closest neighbor
and then the path between these neighbors will be typical, of the order
logn/(r — 2). This simple heuristic argument shows that our result on the
diameter depends crucially on the weights being exponentially distributed
or at least have an exponential tail. We refer to [9] for recent results on
distances with i.i.d. weights. As we will see, the presence of nodes with degree
one and two makes the analysis much more involved than in [15]. As soon
as, a fraction of nodes have degree two, there will be long paths constitued
by a chain of such nodes and we will see that these paths contribute to the
diameter.

In [2], this result is used to analyze an asynchronous randomized broad-
cast algorithm for random regular graphs. In continuous-time, each node is
endowed with a Poisson point process with rate 1 and contacts one of its
neighbors uniformly at random at each point of his process. In a push model,
if a node holds the message, it passes the message to its randomly chosen
neighbor regardless of its state. The results in [2] show that the asynchronous
version of the algorithm performs better than its synchronized version: in
the large size limit of the graph, it will reach the whole network faster even
if the local dynamics are similar on average.

We end this section by a simple remark. Our results can be applied to some
other random graphs models too by conditioning on the degree sequence. In
particular, our results will apply whenever the random graph conditioned on
the degree sequence has a uniform distribution over all possibilities. Notable
examples of such graphs are G(n,p), the Bernoulli random graph with n
vertices and edge probability p and G(n,m), the uniformly random graph
with n vertices and m edges. For example, for G(n, p) with np — p € (0, 00)
or G(n,m) with 2m/n — p, the Condition 1.1(i) holds in probability with
(px) a Poisson distribution with parameter u, py = e*““k—?. In Appendix B,
we show that thanks to Skorohod coupling theorem ([25, Theorem 3.30]) our
results still apply in this setting. By taking care of removing isolated nodes,
our result gives in this case (note that ¢,(z) = e #(172));

THEOREM 1.4. Let > 1 be fized, and let A, < 1 satisfy \ee ™™ = pe "
Assume G = G(n,p) where np — p € (0,00) (or G, = G(n,m) with
2m/n — p € (0,00)) with i.i.d. rate 1 exponential weights on its edges.
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Then

diam,, (G, 1 2
l1am (G ) i} +

1.8 .
(18) logn w—1  1T—=X

This result improves on a lower bound of the weighted diameter given by
Bhamidi, van der Hofstad and Hooghiemstra in [6, Theorem 2.6]. Note that
[6] also deals with the case np — oo which is out of the scope of the present

paper.

1.3. Overview of the proof and organization of the paper. Our work is
a direct generalization of [15] with significantly more involved calculations.
The first key idea of the proof from [15] is to grow balls centered at all ver-
tices of the graph simultaneously. The time when two balls centered at a and
b respectively intersect is exactly the half of the weighted distance between a
and b. (In what follows, we will sometimes deliberately use the term time in-
stead of the term weighted distance.) Hence the weighted diameter becomes
twice the time when the last two balls intersect. A simple argument shows
that any two balls containing slightly more than /n vertices (2v/rnlogn
vertices for r-regular case) will intersect with high probability; see Proposi-
tion 3.1. Hence it will be enough to control the time at which all balls have
reached this critical size of order /n in order to prove an upper bound for
the weighted diameter. For a proof of the upper bound on the diameter,
we apply an union bound argument as in [15]. Hence, we need to find the
right time such that the probability for a (typical) ball to reach size \/n is
of order n~!. In order to do so, we use the second main idea of the proof:
we couple the exploration process on the weighted graph with a continuous
time Markov branching process. This coupling argument is quite standard
and we will deal here with the same branching process approximation for
the exploration process on the graph as in [8]. However, we are facing here
new difficulties as we need to consider events here to of small probability
for this exploration process (of order n~!). In particular, we need to show
that the coupling is still valid for such large deviations. When dpyi, > 3, the
argument of [15] can be extended easily [2]. But as soon as dmin < 2, several
complications happen. First as shown in [3], the asymptotics for the large de-
viations of the branching process depend on the minimal possible offspring.
Second, as soon as dpyiy = 1, the small components of the graph contain now
a positive fraction of the nodes. We need to bound the diameter of these
small components and to study the diameter on the largest component, we
need to condition our exploration process on 'non-extinction’. Similarly, the
presence of degree one nodes, significantly complicates the proof of the lower
bound. In order to apply the second moment method as in [15], we need to
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first remove vertices with degree one iteratively to work with the 2-core of
the graph (indeed an augmented version of this 2-core, see Section 4.2 for
details).

We consider in Section 2 the exploration process for configuration model
which consists in growing balls simultaneously from each vertex. A precise
treatment of the exploration process, resulting in information about the
growth rates of the balls are given in this section. In addition, the section
provides some necessary notations and definitions that will be used through-
out the last three sections. Sections 3 and 4 form the heart of the proof. We
first prove that the above bound is an upper bound for the weighted diam-
eter. This will consist in defining the two parameters «, and (3, with the
following significance. (i) Two balls of size at least 3, intersect almost surely,
(1) considering the growing balls centered at a vertex in the graph, the time
it takes for the balls to go from size ., to size 3, have all the same asymp-
totic for all the vertices of the graph, and the asymptotic is half of the typical
weighted distance in the graph, and (7i7) the time it takes for the growing
balls centered at a given vertex to reach size at least «, is upper bounded

by F(ldj:n) logn for all € > 0 with high probability (w.h.p.). This will show

that the diameter is w.h.p. bounded above by (1 + €)(;1; + %) logn,
for all € > 0. The last section provides the corresponding lower bound. To
obtain the lower bound, we show that w.h.p. (iv) there are at least two nodes
with degree dpin such that the time it takes for the balls centered at these
vertices to achieve size at least «, is worst than the other vertices, and is

lower bounded by ==~ logn, for all ¢ > 0. And using this, we conclude
T(dmin)

that the diameter is w.h.p. bounded below by (1 — €)(-1; + w2—) logn,

1—‘(dmin)
for all fixed € > 0, finishing the proof of our main theorem.
The actual values of «,, and (3, will be

I

(1.9) an = [log”n], and B, = [3 /-

nlogn|.

When dpin = 1, the longest shortest path in a random graph will be
between a pair of vertices a and b of degree one. Furthermore, this path
consists of a path from a to the 2-core, a path through the 2-core, and a path
from the 2-core to b. For this, we need to provide some preliminary results
on the structure of the 2-core, this is done in Appendix A. In Appendix B,
we show that our results still apply for random graphs G(n,p) and G(n, m)
by conditioning on the degree sequence.

Basic notations. We usually do not make explicit reference to the prob-
ability space since it is usually clear to which one we are referring. We say
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that an event A holds almost surely, and we write a.s., if P(4) = 1. The in-
dicator function of an event A is of particular interest, and it is denoted by
1[A]. We consider the asymptotic case when n — oo and say that an event
holds w.h.p. (with high probability) if it holds with probability tending to 1

as n — co. We denote by i), and L>, convergence in distribution, and in
probability, respectively. Similarly, we use o, and O, in a standard way. For
example, if (X},) is a sequence of random variables, then X,, = O,(1) means

that ” X, is bounded in probability” and X,, = 0,(n) means that X,,/n % 0.

2. First Passage Percolation in G*(n, (d;)}). We start this section
by introducing some new notations and definitions. Before this, one remark
is in order. In what follows, we will sometimes deliberately use the term
”time” instead of the term ”weighted distance”. It will be clear from the
context what we actually mean by this.

Let (G = (V,E), w) be a weighted graph. For a vertex a € V' and a real
number ¢ > 0, the t-radius neighborhood of a in the (weighted) graph, or
the ball of radius ¢ centered at a, is defined as

By(a,t) == {b, disty(a,b) <t}.

The first time ¢ where the ball By (a,t) reaches size k + 1 will be denoted
by Tq (k) for k > 0, i.e.

To(k) =min{t: [By(a,t)]| > k+1}, T,(0) = 0.

If there is no such ¢, i.e. if the component containing a has size at most k,
we define T,(k) = oo. More precisely, we use I, to denote the size of the
component containing a in the graph minus one, in other words,

I, :==max { |By(a,t)[,t >0} —1,

so that for all & > I,, we set T,(k) = oco. Note that there is a vertex in
By (a,T,(k)) which is not in any ball of smaller radius around a. When the
weights are i.i.d. according to a random variable with continuous density,
this vertex is in addition unique with probability one. We will assume this
in what follows. For an integer ¢ < I,, we use c/l\a(z) to denote the forward-
degree of the (unique) node added at time T,(¢) in By,(a,T,(7)). Recall that
the forward-degree is the degree minus one. Define §a(z) as follows.

(2.1)  So(d) i=da +da(1) + ... + da(d) — i,  Sa(0) = dy.

For a connected graph H, the tree excess of H is denoted by tx(H), which
is the maximum number of edges that can be deleted from H while still
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keeping it connected. By an abuse of notation, for a subset W C V| we
denote by tx(TV) the tree excess of the induced subgraph G[W] of G on W.
(If G[W] is not connected, then tx(WW) := 0o0.) Consider the growing balls
By (a,Ta(7)) for 0 <14 < I, centered at a and let X, (7) be the tree excess of
By(a,T,(i)):

Xo(2) :=tx ( Bw(a, To(7))).

We extend the definition of X, to all the integer values by setting X, (i) =
Xa(1) for all i > I,.

The number of edges crossing the boundary of the ball B, (a,T,(i)) is
denoted by S, (7). A simple calculation shows that

(2.2) Sa(i) = Sqa(i) — 2X,(3).

We now consider a random graph G(n, (d;)}) with i.i.d. rate one expo-
nential weights on its edges, such that the degree sequence (d;)} satisfies
Condition 1.1. We let m(™ be the total degree defined by m(™ = Yo di =

(n)
2 k>0 Ry, -

One particularly useful property of the configuration model is that it al-
lows one to construct the graph gradually, exposing the edges of the perfect
matching one at a time. This way, each additional edge is uniformly dis-
tributed among all possible edges on the remaining (unmatched) half-edges.
We have the following useful lemma.

LEMMA 2.1. For any k < w, we have

B (2,0 > 1 5.0, ) < B (Bin (8.0, V/8u(01/n) 2 0 B ).

PRrROOF. To prove this, we need the following intermediate result proved
in [16, Lemma 3.2].

LEMMA 2.2. Let A be a set of m points, i.e., |A| = m, and let F be a
uniform random matching of elements of A. For e € A, we denote by F(e)
the point matched to e, and similarly for X C A, we write F(X) for the set
of points matched to X. Now let X C A, k = |X|, and assume k < m/2.
We have

| X NF(X)| <« Bin(k, Vk/m).

Conditioning on all the possible degree sequences da(1),da(2),. .., da(k),
with the property that dq + 1<), da(i) = Sa(k), the configuration model
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becomes equivalent to the following process: start from a and at each step
1 < i < k, choose a vertex a; of degree d,(i) + 1 uniformly at random
from all the possible vertices of this degree outside the set {a,a1,...,a;-1},
choose a half-edge adjacent to a; uniformly at random and match it with a
uniformly chosen half-edge from the yet-unmatched half-edges adjacent to
one of the nodes a,aq,...,a;,—1. And at the end, after a; has been chosen,
take a uniform matching for all the remaining (m(™ — 2k) half-edges. Now
the proof follows from Lemma 2.2 by the simple observation that, since
m — 2k > n,

P <Bin <§a(k), v/ 8 (k) /mm) — 2k> >z §a(k)>
<P (Bin (§a(k), §a(k)/n) >z | Aa(k>) :
O

In the sequel, we will also need to consider the number of vertices of
forward-degree at least two in the (growing) balls centered at a vertex a € V.
Thus, for i < I,, define

(2.3) i) = > 1[da(0) > 2] = y{b € Bu(a, Tu(i)) : b#aand dy > 3};,
/=1

and extend the definition to all integers by setting 7,(i) = 74(I,) for all
i > I,. Note that v,(0) = 0 and ~,(7) = 7 if dpin > 3.

Now define T, (k) to be the first time where the ball centered at a has at
least k£ nodes of forward-degree at least two. More precisely,

(2.4) T.(i) := min {Ta(é), for ¢ such that ~,(¢) > k}

The main idea of the proof of Theorem 1.2 consists in growing the balls
around each vertex of the graph simultaneously so that the diameter becomes
equal to twice the time when the last two balls intersect. In what follows,
instead of taking a graph at random and then analyzing the balls, we use a
standard coupling argument in random graph theory which allows to build
the balls and the graph at the same time. We present this coupling in the
next coming section.

2.1. The exploration process. Fix a vertex a in G*(n, (d;)}), and consider
the following continuous-time exploration process. At time ¢ = 0, we have
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a neighborhood consisting only of a, and for ¢ > 0, the neighborhood is
precisely By (a,t). We now give an equivalent description of this process.
This provides a more convenient way for analyzing the random variables
which are crucial in our argument, e.g., S,(k). The idea is that instead of
taking a graph at random and then analyzing the balls, the graph and the
balls are built at the same time. We will consider a growing set of vertices
denoted by B and a list L of yet unmatched half-edges in B. Recall that in
the usual way of constructing a random graph with given degree sequence, we
match half-edges amongst themselves uniformly at random. In the following,
by a matching, we mean a pair of matched half-edges.

e Start with B = {a}, where a has d, half-edges. For each half edge, de-
cide (at random depending on the previous choices) if the half-edge is
matched to a half-edge adjacent to a or not. Reveal the matchings con-
sisting of those half-edges adjacent to a which are connected amongst
themselves (creating self-loops at a) and assign weights independently
at random to these edges. The remaining unmatched half-edges adja-
cent to a are stored in a list L. (See the next step including a more
precise description of this first step.)

e Repeat the following exploration step as long as the list L is not empty.

e Given there are ¢ > 1 half-edges in the current list, say L = (hq,..., hy),
let U ~ Exp(f) be an exponential variable with mean ¢~!. After time
U select a half-edge from L uniformly at random, say h;. Remove h;
from L and match it to a uniformly chosen half-edge in the entire
graph excluding L, say h. Add the new vertex (connected to h) to B
and reveal the matchings (and weights) of any of its half-edges whose
matched half-edge is also in B. More precisely, let d be the degree of
this new vertex and 2z the number of already matched half-edges in
B (including the matched half-edges h; and h). There is a total of
m — 2x unmatched half-edges, m being the total number of half-edges
of the random graph G. Consider one of the d — 1 half-edges of the
new vertex (excluding h which is connected to h;); with probability
(¢ —1)/(m — 2z — 1) it is matched with a half-edge in L and with the
complementary probability it is matched with an unmatched half-edge
outside L. In the first case, match it to a uniformly chosen half-edge
of L and remove the corresponding half-edge from L. In the second
case, add it to L. We proceed in the similar manner for all the d — 1
half-edges of the new vertex.

Let B(a,t) and L(a,t) be respectively the set of vertices and the list
generated by the above procedure at time ¢, where a is the initial vertex.
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Considering the usual configuration model and using the memoryless prop-
erty of the exponential distribution, we have B, (a,t) = B(a,t) for all ¢t. To
see this, we can continuously grow the weights of the half-edges hq, ..., hy
in L until one of their rate 1 exponential clocks fire. Since the minimum of £
i.i.d exponential variables with rate 1 is exponential with rate ¢, this is the
same as choosing uniformly a half-edge h; after time ¥ (recall that by our
conditioning, these ¢ half-edges do not pair within themselves). Note that
the final weight of an edge is accumulated between the time of arrival of its
first half-edge and the time of its pairing (except edges going back into B
whose weights are revealed immediately). Then the equivalence follows from
the memoryless property of the exponential distribution.

Note that T,(i) is the time of the i-th exploration step in the above
continuous-time exploration process. Assuming L(a, T, (7)) is not empty, at
time T, (i41), we match a uniformly chosen half-edge from the set L(a, T, (i))
to a uniformly chosen half-edge among all other half-edges, excluding those
in L(a,T,(7)). Let F; be the o-field generated by the above process until
time t. Given Fr, (), Tu(i + 1) — To(i) is an exponential random variable
with rate S, () given by Equation (2.2) wich is equal to |L(a, T(7))| the size
of the list consisting of unmatched half-edges in B(a,T(7)). In other words,

(Tuli +1) = Tu(i) | Fro ) < Exp(Sa(i)),

this is true since the minimum of k i.i.d. rate one exponential random vari-
ables is an exponential of rate k.

Recall that I, = min{i, S,(i) = 0} < n —1, and set S,(i) = 0 for all
I, <i<n—1. We now extend the definition of the sequence d(¢) to all the
values of i < n— 1, constructing a sequence (d,(i))}=; which will coincide in
the range ¢ < I, with the sequence [fa(z) defined in the previous subsection.
We first note that in the terminology of the exploration process, the sequence
(CTa(i))igla can be constructed as follows. At time T,(i 4+ 1), the half-edge
adjacent to the ¢ + 1-th vertex is chosen uniformly at random from the set
of all the half-edges adjacent to a vertex out-side B, and c/l\(z + 1) is the
forward-degree of the vertex adjacent to this half-edge. Thus, the sequence
(C/l\(l))lg 1, has the following description.

Initially, associate to all vertex j a set of d; half-edges (corresponding
the set of half-edges outside B and L). At step 0, remove the half-edges
corresponding to vertex a. Subsequently, at step k < I, choose a half-edge
uniformly at random among all the remaining half-edges; if the half-edge is
drawn from the node j’s half-edges, then set c/Z\a(k) = d; — 1, and remove the
node j and all of its half-edges. Obviously, this description allows to extend
the definition of d,(4) to all the values of I, < i < n—1. Indeed, if I, < n—1,
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there are still half-edges at step I, + 1, and we can complete the sequence
dq(i) for i € [I, +1,n — 1] by continuing the sampling described above. In
this way, we obtain a sequence (d,(4))?=}' which coincides with the sequence
defined in the previous section for ¢ < I,.

We also extend the sequence S, (i) for i > I, thanks to (2.1). Recall that,
we set X, (i) = Xo(I,) for all i@ > I,. It is simple to see that with these
conventions, the relation (2.2) is not anymore valid for ¢ > I, but we still
have S, (i) < Sa(i) — 2X,(4) for all 4.

The process ¢ — X, (i) is non-decreasing in i € [1,n — 1]. Moreover, given
Fr,(i), the increment X, (i + 1) — X, (i) is stochastically dominated by the
following binomial random variable

: . : T (s (Sa(z) — 1)+

(2.5) Xa(i+1) — X,4(i) < Bin (da(z +1), ) — 2(Xa(i) 1 Z)) ,
where m(™) = > iy di. We recall here that for two real-valued random vari-
ables A and B, we say A is stochastically dominated by B and write A <y B
if for all x, we have P(A > x) <P(B > x). If C' is another random variable,
we write A <y (B|C) if for all x, P(A > z) <P(B >z |C).

Note that if ¢ > I,, then S,(i) = 0 and X,(i + 1) — X,(¢) = 0, so that
(2.5) is still valid.

For i < 5, we have

(i) — 2X,4(7)
m™) — 2(X, (i) + )
(1) maxy<; Sa(0)
< = .
— m -2 n—2i

We conclude:

LEMMA 2.3.  Fori < g, we have

. . -  maxy<; Su(0)
< - =" "r 7
(2.6) Xa(i) < Bin (n}lgx Sa(l) +1, o .

An important ingredient in the proof will be the coupling of the forward-
degrees sequence {d(i)} to an i.i.d. sequence in the range ¢ < f3,,, that we
provide in the next subsection.

Recall that we defined a, and 5, as follows (c.f. Equation (1.9))

I
v—1

an = |log®n], and B, = |3 logn].
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2.2. Coupling the forward- degrees sequence d (7). We now present a cou-
pling of the variables {d,(1), ..., dq(k)} valid for k < B, where B, is defined
in Equation (1.9), with an 1.1.d. sequence of random variables, that we now
define. Let A, := max;e ) di- Note that by Condition 1.1 (ii), we have

A, = O(n'/?7).
Denote the order statistics of the sequence of degrees (dl(n)) by

(2.7) d" <dm <... <4

)
(1) (2 = (n)

Define m™ := Z?;lﬁ " dg?)) and let 7(™) be the size-biased empirical distri-
bution with the /,, highest degrees in (2.7) removed, i.e.,

n—p0Bn (n) _
YoM k+ 1)1 d(i) =k+1

(n) ._

Ty " =

Similarly, define m(" := Z?:(ﬂn +1)An dEg) and let 7™ be the size-biased
empirical distribution with the (8, + 1)A,, lowest degrees in (2.7) removed,

ie.,

o Zigana, b+ 1)1 [dgg) :k+1}
Ty = — .

Note that by Condition 1.1, we have 5,A, = o(n) which implies that both
the distributions 7(™ and 7™ converge to the size-biased distribution ¢
defined in Equation (1.1) as n tends to infinity.

The following basic lemma, proved in [2, Lemma 4.1], shows that the
forward-degree of the i-th vertex given the forward-degrees of all the previ-
ous vertices is stochastically between two random variables with lower and
upper distributions 7 and 7(™ defined above, provided that i < /,. More
precisely,

LEMMA 2.4.  For a uniformly chosen vertex a, we have for all i < By,

o~ o~

(2.8) D" <, (da(i)|da(1),...,8a(i—1)) <y D,

where D (resp D ) are i.i.d. with distribution ™ (resp. 7™ ).
In partzcular, we have for alli < B,

i:Qén) Sst i:gi\a(k) Sst i:bén)
k=1 k=1 k=1
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3. Proof of the Upper Bound. In this section we present the proof of
the upper bound for Theorem 1.2. Namely we prove that for any € > 0, with
high probability for all vertices u and v which are in the same component
(i.e., such that disty(u,v) < 00), we have

1 2

i < 1 1
disty, (u,v) < <V_1 + F(dmin)> (1+¢€)logn,

where I'(dpin) is defined in (1.4).

The proof will be based on the following two technical propositions. For
the sake of readability, we postpone the proof of these two propositions to
the end of this section.

The first one roughly says that for all v and v, the growing balls centered
at v and v intersect w.h.p. provided that they contain each at least 3,, nodes.
More precisely,

ProrosiTiON 3.1.  We have w.h.p.
disty (u, v) < Tyu(Bn) + Tu(Bn), for all u and v.

The above proposition shows that in proving the upper bound, it will be
enough to control the random variable T, (/) for each node u in V. It turns
out that in the range between «,, and 3, in the cases dyin > 3, dmin = 2,
and dyin = 1, Ty, (k) have more or less the same behavior, namely, it takes
time at most roughly half of the typical (weighted) distance to go from size
an to Bn. More precisely,

PROPOSITION 3.2.  For a uniformly chosen vertex u and any € > 0, we
have

(1+¢€)logn

P (Tu(ﬁn) - Tu(an) > 2(V — 1)

1> an) — o(nY).

The conditioning I,, > «, is here to ensure that the connected component
which contains u has size at least «,,. In particular, note that one immediate
corollary of the two above propositions is that two nodes whose connected
components have size at least «,, are in the same component (necessarily
the giant component), and that the two balls of size (3, centered at these
two vertices intersect w.h.p.

Using the above two propositions, we are only left to understand 7T, (),
and for this we will need to consider the cases dpin > 2 and dyyn = 1
separately. Before going through the proof of the upper bound in these cases,
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we need one more result. Consider the exploration process started at a vertex
a. We will need to find lower bounds for S,(k) in the range 1 < k < au,.
Recall that we defined v,(k) as the number of nodes of forward-degree at
least two in the growing balls centered at a, c.f. Equation (2.3) for the precise
definition. These nodes are roughly all the ones which could contribute to the
growth of the random variable S, (k). Now define the two following events.

R, = {S ) > dmin + Va(k), for allogkgan—l},

R, = {Si(k) >4(k), forall 0 <k < a, — 1}.

LEMMA 3.3. Assume d, > 2 and c?a(z) >1 forall 1<1i<a,. Then we
have

(3.1) P( Ry |da(1),...dy(n—1)) > 1—o(logn/n),
(3.2) P (R, |da(1),...da(n—1)) > 1—o(n*?).
In particular, P(R,) > 1 — o(log*® n/n) and P(R.) > 1 — o(n=3/?).
PRrOOF. Since c/i\a(z) > 1, §a(kz) is non-decreasing in k. We have for all
k< an,
(33)  duin %0(k) < do + 70 (k) < < Sa(k) < anl, = o(n),
n)-

and moreover, maxy<a,, Sa(k) = Sy(an). Since dq > 2 and S, (k) = Sq(k) —

2X,(k), we have
{Xa(an) =0} C Ry, {Xu(an) <1} CR,.

Note that the inequalities in (3.3) are true for any sequence such that
1< c?a(z) < A,. In particular, in the rest of the proof we condition on
a realization of the sequence d = (dg, da(1), . .. da(n — 1)).

We distinguish two cases depending on whether or not §a(an) is smaller
than 3q,,. Denote this event by Q (and its complementary by Q°), i.e

Q:= { Su(an) < 3ay, }.

e Case 1) S,(a,) < 3ay,. Conditioning on Q, by Lemma 2.3 we have

3
Xo(an) <o Bin (4an, a") .

n — 2oy,

Thus, we have

n

P(Xalan) > 1]Q,d) < P(Bin(day, ;335-)> 1) < O(a2/n),

P(Xu(an) >2]Q,d) < P(Bin(dan, :232-) >2) < Olap/n?).

n
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We infer that

P((Ra)*]Q.d) O(ag/n),
P((R,)]Q.d) O(a/n?).

Case 2) Sy(an) > 3a,. Note that in this case, we still have
max S, (k) = Sy(am) < anAp = o(n).
k<an

<
<

Moreover, there exists k < a, such that for all £ < k&, §a(€) < 3ay, and
Sa(k + 1) > 3a,,. Note that since we have conditioned on the degree
sequence d, the value of k is deterministic (k is not a random variable).
Conditioning on the event Q¢, we obtain by Lemma 2.3

: 3o
(34) Xa(k‘) Sst Bln <40én, 77/_2(3471) N and

n — 2o,

TLATL
X,(am) <& Bin (an(An+1), a >

By Condition 1.1 (ii), there exists a € > 0 such that A, := O(n'/27¢).
Let m = [2¢71]. Combining the last (stochastic) inequality together
with the Chernoff’s inequality applied to the right-hand side binomial
random variable, we obtain

n — 2oy,
= O ((AZa2/n)™) =o(n?).
We notice that for all £ > k, we have S,(¢) > 2a,, — 2X (v, ). Also for
n large enough, we have 2a,, — 2m > dyin + V4(¢). Therefore,
{ Xa(k) =0, Xo(an) <m, Q°} C RN Q" and
{ Xa(k) <1, Xo(an) <m, QF} C R,NQ"

P(Xo(am) >m|Q%d) < P(Bin (an(An+1), B >Zm>

This in turn implies that

P((Ry)°|Q%d) < P(Xa(k)>1]Q°%)+P(Xa(an)>m]|Q°)
< O(a?/n),and,

P((R,)°]Q%d) < P(Xau(k)>2]|Q%) +P(Xu(an)>m|Q%)
< O

o /).

In the above inequalities, we used (stochastic) Inequality (3.4) and
Case 1 to bound the terms P ( Xq(k) > 1| Q°) and P (X4(k) > 2 |
Q°).
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The lemma follows by the definition of «,. O

We are now in position to provide the proof of the upper bound in the
different cases depending on whether dpyin > 2, or dyin = 1.

In the following, we will use the following property of the exponential
random variables, without sometimes mentioning. If Y is an exponential
random variable of rate u, then for any 6 < p, we have E [GGY] = ﬁ

3.1. Proof of the upper bound in the case dmiyn, > 2. Consider the explo-
ration process defined in Section 2.1 starting from a. Recall the definitions
(2.3) and (2.4): v4(¢) is the number of nodes with forward-degree (strictly)
larger than one until the i-th exploration step, and T, (k) is the first time
that the k-th node with the forward-degree (strictly) larger than one appears
in the exploration process started at node a. We also define the sets

La(k) = {£, Ta(k) < Tu(€) < Talk + 1)},

for k > 0, and let n, (k) be the smallest £ in L, (k). Clearly, we have n,(k) > k
and
Ya (k) = La(k) = [na(k), na(k + 1) — 1.

Note that in the case dpyi, > 3, we have ¢ = ﬁgn) = ggn) = 0,7.(k) =k,
Tu(k) = T,(k) and L,(k) = {k}. This case is also treated in [2]. However,
our arguments bellow are still valid in this case.

For z,y € R, we denote A y = min(z,y). We will need the following
lemma.

LEMMA 3.4.  For a uniformly chosen vertex a, any x > 0, and any £ =
O(logn), we have

P (Ta(an N1,) > xlogn + 6) < o(n™1) + o(e”dmin(1=a1)t),

PROOF. Recall that given the sequence S,(k), for k < I,, the random
variables T, (k+1) —T,(k) are i.i.d. exponential random variables with mean
S.(k)~L. First write

Ta(an) = Z Ta(j + 1) - Ta(j)
0<j<an
< Y Talk+1)—Ta(k),
k<K,

where K, is the largest integer such that ng(K,) < a,.
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We now show that for any x > 0 and ¢ = O(logn),
(3.5) P (Ta(an) > xlogn + ¢, Ra) = o(e"dmin(1=a1)ty,

Remark that a sum of a geometric (with parameter 7) number of inde-
pendent exponential random variables with parameter pu is distributed as an
exponential random variable with parameter (1 — m)u. For any k < K,,, we
have:

Ta(k + 1) - Ta(k) = Z Ta(j + 1) - Ta(j)
j€La(k)

Assume R, holds, then we have S,(j) > dmin + k for all j € [ng(k), na(k +
1) — 1] = Ly (k). Thus,
Ta(j + 1) - Ta(]) Sst Yk,i ~ Exp(dmin + k))

where i = j — ny(k) + 1, and all the Y} ;’s are independent. (For i =
1,...,|La(k)|, Yi, are exponential random variables with rate dmin + k.)
For any positive ¢ and 0, we obtain (for d, := (dg,da(1),...,da(n —1)))

S H <1 + i ) ) €_0t>
1<k<an (dmin + k)(1 — US| )—0

where in the last inequality, we used the fact that the probability for a new
node to have forward-degree one is at most Egn), and so the length |L, (k)]
is dominated by a geometric random variable with parameter ggn). Taking

0 = dpin(1 — E(n) in the above inequality, we get
1

leal dmin 1-— (n) n
P(Tuan)~Ta) 2t Ra) < ] 1+ # ¢~ dmin(1-x{")t
1<k<an (1 - )k

[T (k+ dunin) /& e min (-t
1<k<an
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In the same way, we can easily deduce that
(Ta(l) | Ra) <st EXp(dmin(l - l&n)))

Let t = xzlogn + ¢, and note that ¢ < C'logn for some large constant
C >0 (by assumption £ = O(logn)). Take any 0 < € < z(1 —¢q1)(C +z)~!;
since for n sufficiently large, we have ggn) < q1 + €, we obtain

3
Oén e_dmin(l_ql)g
ndmin(x(lfqlfe)*ec) ’

P <Ta(an) > xlogn —{—K,Ra) <
and (3.5) follows. Note that z(1 — g1 — €) — eC > 0 by the choice of e.

Assume now that the event R/, N RS holds. Two cases can happen: either
I, <a,orl,>a,.

(Remark that in the case dyin > 3, by Lemma 3.3 we have P(I, > ay,) >
1 — o(n=%/?). Indeed, for duyin > 3, we have v,(k) = k so that R, C {I, >
ant ={S(k)>1, forall 0 <k < a, —1}.)

If I, < au,, then by the definition of R),, 0 = S, (1) > Va(1a), i-€., Ya(la) = 0.
In other words, the component of a is a union of cycles (or loops) having
node a as a common node, and with total number of edges less than «,.
Hence, in this case, we have

P<R:17 RLCwIa < (077 Ta(Ia) 2 xlogn+€)
00 e_t
p(ria) (X a [T s
( ) OS%:% ! xlogn+/{ k!
10 . (m)y—1 () B _1
<log”n/n (1—m;") exp(—(1—m " )(xlogn+£)) =o(n"),

where the last inequality follows from Inequality (3.1) in Lemma 3.3.
In the second case, when I, > a,, let

Q=RyNE{N{1o > an}.

If Q holds, by the definition of R/, we have S,(j) > k for all j € L4(k).
Thus,
To(j+1) = To(j) <st Yii~ Exp(k),
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where i = j — no(k) + 1, and all the Yj;’s are independent. (for i =

1,...,|Lq(k)|, Yi, are exponential random variables with rate k.) Hence,
by the same argument as above, we have

P(Tulon) ~Tu@ > 1,Q) <E|E|1(Q) [] /Tt |q, ||

10
< H (1 + 9(n)> e % <log i
2<k<am k(1—my7)—0 n

where the last inequality follows from Inequality (3.1) in Lemma 3.3. Thus,

taking 0 =1 — ﬂ&") gives

10
P(Tuan) ~Ta 24,2,) <[] <1+1>€<u5/>>t0<log n>

E—1 n
2<k<an
10 13
- anef(lfﬂgn))to <10g n) _ (e, <log n> '
n n

Since dg > dpmin, we can easily deduce that
(Ta(2) | Q) <ot Exp(dinin(1 — z{™)) + Exp(1 — t"),

with these two exponential being independent and independent of Q. Hence,
we have

F(Ta@2110) < [ duin(t = af?) (e - pmtnosi)

dminei(liﬂgn) )t .

IN

Thus,

13
P(Ta(an) Zt,Q> < (- >)t0<10g n)

n

Similar to the case where R, holds (by fixing a constant ¢ small enough and

using that for n sufficiently large ggn) < q1 + € for n large enough), we get

logn _
P(Ta(an)Zmlogn—l—E,Q) < o<nl+(1_ql_€)c> =o(n™Y).
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Putting all the above arguments together, and considering the three dis-
joint cases (R])¢ holds, R, holds, and R/, N RS holds (in which case either
I, < ay or I, > ), we conclude that

P (Ta(an N1,) > xlogn + K) < o(e”min(1=a)ly 4 o(p~1) 41 —P(R)).
To conclude the proof it suffices to use Lemma 3.3. O

We can now finish the proof of the upper bound in the case dpi, > 2. By
Proposition 3.2, and Lemma 3.4 applied to ¢ = %, we obtain that
for a uniformly chosen vertex a and any ¢ > 0, we have

(3.6)
P <oo > To(Bn A L) > (2(1/1— 5+ dmin(ll_ q1)> (1+¢) logn> —o(n ).

Indeed, the above probability can be bounded above by

1+e
P(T,(apANIy) > —+——1logn
( ( ) dmin(l_QI) & >

1+e€
2(v—1)

and this is o(n™!) by the above cited results.

Applying Equation (3.6) (and Lemma 3.4) and a union bound over a, we
obtain
(3.7)

P <va, To(Bn A 1,) < <

+ P (Ta(ﬂn) — Ta(on) > logn | I, > an) )

1 n 1
2(1/ — 1) dmin(l — Q1)
Hence by Proposition 3.1, we have w.h.p. (for dpin > 2)

diam,, (G(n, (d;)7)) 1 1
< _— _— s =
log n —(1+6)(V_1+1_q11[dmm 2] +

> (1+e)1ogn> =1-o0(1).

d ]l[dmin > 3]) .
min

This proves the bound on the diameter. To obtain the upper bound for
the flooding time, we use Equation (3.7), and proceed as above by applying
Proposition 3.2, and Lemma 3.4 applied to ¢ = elogn, to obtain that for a
uniformly chosen vertex b, we have

1+e¢
2(v—1)
Clearly, Equations (3.7) and (3.8) imply that w.h.p.

floody, (a, G(n, (d:)})) 1 1
logn <( 6)(u -1 2(1-—q) Hdmin = 2] dmin

(3.8) P (Tb(ﬁn NIy) < ( +e€) logn> =1-o0(1).

1{dmin > 3]).
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Similarly, (3.8) and Proposition 3.2 give an upper bound for (1.5).
The proof of the upper bound in this case is now complete.

3.2. Proof of the upper bound in the case dyin = 1. In this section, we
will need some results on the 2-core of the graph. Basic definitions and
needed results are given in Appendix A.

We denote by C, the event that a is connected to the 2-core of G, ~
G(n, (d;)})- It is well-known (c.f. Section A) that the condition v > 1 ensures
that the 2-core of G, has size Q(n), w.h.p. We consider the graph én(a)
obtained from G, by removing all vertices of degree one except a until no
such vertices exist. If the event C, holds, @n(a) consists of the 2-core of G,
and the unique path (empty if a belongs to the 2-core) from a to the 2-core.
While, if the event C§ holds, then the graph én(a) is the union of the 2-core
of GG, and the isolated vertex a.

In order to bound the weighted distance between two vertices a and b,
in what follows, we will consider two cases depending on whether both the
vertices a and b are connected to the 2-core (i.e., the events C, and C, both
hold), or both the vertices a and b belong to the same tree component of
the graph. In the former case, we will show how to adapt the analysis we
made in the case dmin > 2 to this case. And in the latter case, we directly
bound the diameter of all the tree components of the graph.

First note that én(a) can be constructed by means of the configuration
model with a new degree sequence d, c.f. Section A with d; > 2 for all i #a.
Consider the exploration process on the graph Gn(a) and denote by T, (i)
the first time the ball By, (a,t) in G,,(a) reaches size i + 1. Also, I, is defined
similarly to I, for the graph G, (a). We need the following lemma.

LEMMA 3.5.  For a uniformly chosen vertex a, any x > 0 and any ¢ =
O(logn), we have

P <Ta(@n A fa) > a:logn + E) < O(nfl) + O(ef(lf)\*)f).

PRrROOF. First note that if C, does not hold, i.e., if a is not connected
to the 2-core, we will have I, = 0 (since d, = 0), and there is nothing
to prove. Now the proof follows the same lines as in the proof of Lemma
3.4. Note that conditional on C,, we have d, > 1, hence by Lemma 3.3,
we have P(R, | Co,d) > 1 — o(log*®n/n), and similarly for R!. The only
difference we have to highlight here, compared to the proof of Lemma 3.4,
is that conditional on R, N C,4, we have S,(j) > 1+ k for all j € L,(k),
where S,(j) and Ly(k) are defined in the same way as S,(j) and L, (k) for

the graph G(a). Take now 6 = 1 — ﬁgn) in the Chernoff bound, used in the
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proof of Lemma 3.4, where 7™ is defined as 7(™ for the degree sequence
(Jgn), ey Jq({z)) The rest of the proof of Lemma 3.4 can then be easily adapted
to obtain the same result provided we replace 2(1 — ¢1) by (1 — A4), which
is precisely the statement of the current lemma. (Note that A, = ¢, c.f.

Section A.) O

By Proposition 3.2 applied to the graph Gy, (a) (note that 7 = v, c.f.
see Section A), and Lemma 3.5 applied to ¢ = }Oig)z, we obtain that for a
uniformly chosen vertex a and any € > 0, we have

(3.9)
1 1

]P’(oo > To(Bn A L) > <2(V_1) + 1_A*> (1+e)1ogn> = o(n™h).

Indeed the above probability can be bounded above by

. . 1
P(Ta(an/\la) > 1 +)\6 logn)

1+e€
2(v—1)

and this is o(n™!) by the above cited results.
Applying Equation 3.9 (and Lemma 3.5) and a union bound over a, we
obtain

(3.10)
P (Va, To(Bo A L) < <2(,,1_ 5+1 _IA) (1+6) logn> — 1 o(1).

+P (Ta(ﬁn) - j?a(an) > logn ’ ja > an) )

To obtain the upper bound for the flooding time and the typical distance,
we use Equation (3.10), and proceed as above by using Lemma 3.5 applied
to £ = elogn, to obtain that for a uniformly chosen vertex b, we have

(311) P <'T},(ﬁn A < <2<1V+_€1) + e> logn> — 1 o(1).

Clearly, Equation (3.10) together with Proposition 3.1 (since T,(k) >
T, (k) for all k), imply the desired upper bound on the giant component
of GG, and also on every components containing a cycle, i.e, connected to
2-core.

At this point, we are only left to bound the (weighted) diameter of the
tree components. In particular, the following lemma concludes the proof.
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LEMMA 3.6.  For two uniformly chosen vertices a,b, and any € > 0, we
have

1
P <1 j; logn < disty(a,b) < oo, C¢, Cg) =o(n™?).

PROOF. We consider the graph Gy, (a,b) obtained from G,, by removing
vertices of degree less than two except a and b until no such vertices exist.
As shown in Section A, the random graph G, (a,b) can be still obtained
by a configuration model, and has the same asymptotic parameters as the
random graph Gy, (a) in the proof of the previous lemma. We denote again
by d, the degree sequence of the random graph Gn(a, b). Also, T, and I, are
defined similarly for the graph Gy, (a,b).

Trivially, we can assume d, = 1 and dj, = 1, otherwise, either they are not
in the same component and so dist,,(a,b) = oo, or one of them is in the 2-
core, i.e., one of the two events C, or Cy, holds. Consider now the exploration
process started at a until time k&* which is the first time either a node with
forward-degree (strictly) larger than one appears or the time that the unique
half-edge adjacent to b is chosen by the process. Let v* be the node chosen
at k*. Note that dy- = 1 if and only if the half-edge incident to b is chosen
at k*. We have

1
P< T logn < disty(a,b) < co,, CS, Cg)

1-
~ 1+e€ « .5 5
_P(Ta(k)> Ty logn,v _b,da_db_l)
- 1 - -
gP(Ta(k*)> 1:“; logn,v*:b|da:db:1>
_ 1 . .
:P(Ta(kz*)> 1_+; log 7 | da:dbzl)

X ]P’(a?v* =1 dy #2,%:(%:1) = o(n7?).

To prove the last equality above, first note P(dys = 1 | dyr # 2,dy = dp =
1) = O(2), this holds since v = 7 > 1 and v* will be chosen before o(n)
steps, i.e., k* = o(n) (we will indeed prove something much stronger, that
k* = O(logn), c.f. Lemma 4.1 in the next section). And second, P (fa(k:*) >

11_+;* logn | dy = dj = 1) = 0(1/n), this follows by the same argument as in

. ~ . 1+€)logn
the proof of Lemma 3.5 applied to G, (a,b), and by setting ¢ = %. O

The proof of the upper bound in this case is now complete by taking a
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union bound over all ¢ and b. We end this section by presenting the proof
of Proposition 3.1 and Proposition 3.2 in the next subsection.

3.3. Proof of Proposition 3.1 and Proposition 3.2. We start this section
by giving some preliminary results that we will need in the proof of Propo-
sition 3.1 and Proposition 3.2.

LEMMA 3.7.  Let an) be i.i.d. with distribution ™). For any n < v,
there is a constant v > 0 such that for n large enough we have

(3.12) P (Qﬁ”) +---+ D" < k:n) < ek,

PROOF. Let D* be a random variable with distribution P(D* = k) =
qr given in Equation (1.1) so that E[D*] = v. Let ¢() = E[e~%P"]. For
any € > 0, there exists 6y > 0 such that for any 6 € (0,6p), we have
logp(f) < (—v + €)f. By Condition 1.1 and the fact that 5,A, = o(n),

e, i gt dg?)) = o(n), we have for any 6 > 0, lim,,_, Q(”) (0) = ¢(0),
where @(") (0) = E[e‘eg(ln)]. Also, for 6 > 0,

P (QY” 4+ D" < nk) < exp (k: (9n +log 9(”)(0)» .

Fix 6 < 6y and let n be sufficiently large so that logg(”)(O) <log¢(0) + €.
This yields

P (an) +o+ DY < nk) < exp (k (6 +log ¢(0) + €0))
< exp (kb (n—v+26)),
which concludes the proof. ]

The following lemma is the main step in the proof of both the propositions.

LEMMA 3.8. For any € > 0, define the event

1%

-1
<k< .
1+ek’ forallan_k_ﬂn}

R = {Sa(k:) >

For a uniformly chosen vertez a, we have P (R} | I, > o, ) > 1 —o(n™?).

Before giving the proof of this lemma, we recall the following basic result
and one immediate corollary, for the proof see for example [27, Theorem 1].
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LEMMA 3.9. Let ni,ng € N and p1,p2 € (0,1). We have Bin(nq,p1) <g
Bin(ng, p2) if and only if the following conditions hold
(i) n1 < ng,
(i) (1 —=p1)™ > (1 —pa)™.

In particular, we have

COROLLARY 3.10. Ifz <y =o(n), we have (for n large enough)

x — Bin(z,\/x/n) <4 y — Bin(y, /y/n).

PROOF. By the above lemma, it is sufficient to show (z/n)*/? > (y/n)¥/2,
and this is true because s° is decreasing near zero (for s < e™!). O
Now we go back to the proof of Lemma 3.8.

Proof of Lemma 3.8 By Lemmas 2.4 and 3.7, for any € > 0, kK > «, and n
large enough, we have

P <Ea(1) Tt da(k) < . +V€/2k> < e =o(n7).

We infer that with probability at least 1 — o(n~9), for any k < 3,,

v—1
1+¢/2

k< dg+dy(1) + ... +do(k) — k < (k+1)A, = o(n).

By the union bound over k, we have with probability at least 1 — o(n =)
that for all a,, < k < S,
(3.13) Y < Suk) < (k+ 1A, = on)

. ™ =o(n).

1+¢/2 “ "

Hence in the remaining of the proof we can assume that the above condition
is satisfied.
By Lemma 2.1, Corollary 3.10 and Inequalities (3.13), conditioning on
Sa(k) and {I, > k}, we have

(Sa(k) | {Ia > k}) st 11/_'_6/12]9 — Bin <1V_’_€/12k’ \/<1V+6/12k> /n>
> v-1 k — Bin (I/k,\/l/k/ﬂ).

1+¢/2
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By Chernoft’s inequality, since kv/k/n = o(k/\/ay,), we have

P (Bin(yk, Vvk/n) > k:/@) < exp <—;k‘/\/@> =o(n79).

Moreover, conditioned on {I, > k}, we have with probability at least 1 —
o(n~%),
v—1 k vr—1
Sa(k) > k— > k
“()—1+e/2 Van — 14e’

for n large enough. Defining

vV —

RI(k) = {Sa(k:) > e

1
k‘} for a,, <k < By,

so that R = ﬂfian R/(k), we have
(3.14) P (Rg(k) |1, > k) >1—o(n9).

Thus, by using the fact that Rl (k—1) C {1, >k }, we get

b
P(Rg|la2an>:1—]P’ U BRIk | Lo = an
k=an

B
—1-P|Rian)° U (Rg(k)c ARk — 1)) | I, > an
k=an+1

fn
>1-P | Rilen) U | (BRI N (L= k}) | L= 0,
k=an+1

Bn
>1- S P(RIK) | L= k) >1—o(n),

k=an

which concludes the proof.
We are now in position to provide the proof of both the propositions.

Proof of Proposition 3.1. Fix two vertices u and v. We can assume that
Tu(Brn), Tv(Bn) < oo, ie., I, I, > [y, otherwise the statement of the propo-
sition holds trivially for u and v. Note that disty,(u,v) < Ty (5n) + Tv(Br) is
equivalent to

By (u, Tu(Bn)) N Buw(v, Ty(Bn)) # 0.
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Hence, to prove the proposition we need to bound the probability that
By(v,Ty(Br)) does not intersect By, (u, T, (5n))-

First consider the exploration process for By (u,t) until reaching t =
T.(Bn). We know by Lemma 3.8 that with probability at least 1 — o(n =),

Su(Bn) = (v —1—0(1))Bn.

(In other words, there are at least (v—1—o0(1))S,, half-edges in By, (u, T,,(5r))-)

Next, begin exposing By, (v,t). Each matching adds a uniform half-edge
to the neighborhood of v. Therefore, the probability that By, (v, T;,(5,)) does
not intersect By, (u, T, (5y)) is at most

1 Bn
(1 e 1m(n)(1))ﬂn> < exp[—(9 — o(1))logn] < n~*

for large n (recall that 32 = gkflolg"). The union bound over v and v com-

pletes the proof. O

Proof of Proposition 3.2. Conditioning on the event R/ defined in Lemma 3.8,
we have for any a, < k < f,,

~1
Tu(k +1) = Ta(k) <st Yi ~ Exp(Sa(k)) <st Exp (:Hk) )

and all the Y}’s are independent.
Letting s = \/a,,, for n large enough we obtain that

Brn—1 S Bn—1 8(]_ + 26)
$(Ta(Brn)—Ta(an /!
E[e( (Brn) ( ))’Ra:| < H(l—i_(z/—l)lc_S)SH(l—’_(V—l)k)

k=an 14€ k=oun
ﬁn_l
s(1+ 2e) 1 s(1+ 3¢)logn
< —_— 7 —| < B S/t =
< oxp| = = ) | Sex [ 20w — 1)
k=an
By Markov’s inequality,
1+ 4€)logn
P <Ta(5n) - Ta(an) > (2(y_)1)g | Ia > Oén>

<1-— P(RZ) +E [es(Ta(Bn)fTa(an)) ‘ Rz] exp <_5(12—|(— 46) i())g TL)
v —

<exp (—SGVIOgn) +o(n™®) =o(nh),

which concludes the proof. ]
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4. Proof of the Lower Bound. In this section we present the proof
of the lower bound for Theorem 1.2. To prove the lower bound, it suffices to
show that for any € > 0, there exists w.h.p. two vertices v and v such that

) 1 2
disty, (u,v) > (1 —€) (1/ — + P(dmin)) log n.

As in the proof of the upper bound, the proof will be different depending
whether dmni, = 1 or > 2. So we start this section by proving some prelimi-
nary results, including some new notations and definitions, that we will need
in the proof for these cases, and then divide the end of the proof into two
cases.

Fix a vertex a in G, ~ G(n, (d;)}), and consider the exploration process,
defined in Section 2.1. Recall that T, (1) is the first time when the ball
centered at a contains a vertex of forward-degree at least two (i.e., degree at
least 3), c.f. Equation-Definition (2.4). To simplify the notation, we denote
by C, the ball centered at a containing exactly one node (possibly in addition
to a) of degree at least 3:

(4.1) Co := Bu(a, Ta(1)).

Note that there is a vertex u (of degree d,, > 3) in C, which is not in any
ball By (a,t) for t < T4(1) and we have max,ecc, disty (a,v) = disty(a, u).
We define the degree of C, as

(4.2) deg(Cy) = dg + dy — 2.

Remark that at time T,(1) of the exploration process defined in Section 2.1
starting from a, we have at most deg(C,) free half-edges, i.e., the list L
contains at most deg(C,) half-edges. (We have the equality if the tree excess
until time T,(1) is zero.) The following lemma shows that the size of Cj is
relatively small.

LEMMA 4.1.  Consider a random graph G(n, (d;)}) where the degrees d;
satisfy Condition 1.1. There exists a constant M > 0, independent of n,
such that w.h.p. for all the nodes a of the graph, we have |C,| < M logn.

PROOF. We consider the exploration process, defined in Section 2.1, start-
ing from a uniformly chosen vertex a, and use the coupling of the forward-
degrees we described in subsection 2.2. Recall in particular that each forward-

degree d(i) conditioned on the previous forward-degrees is stochastically
larger than a random variable with distribution 7(™. This shows that, at
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each step of the exploration process, the probability of choosing a node of
degree at most two (forward-degree one or zero) will be at most 1((]”) + ﬂ”) <
1 — ¢, for some € > 0 (note that the asymptotic mean of 7™ is v, and by
assumption v > 1). We conclude that there exists a constant M > 0 such
that for all large n, P(|C,] > Mlogn) = o(n~!). The union bound over a

completes the proof. O

For two subsets of vertices U, W C V, the (weighted) distance between U
and W is defined as usual,

diste, (U, W) := min{ dist,(u,w) |ue U, we W }.

For two nodes a, b, define the event H, as

(4.3) Hap = {i — ; logn < disty, (Cq, Cp) < oo} )

Note that lyof T is the typical distance, so the left inequality in the defini-
tion of the above event means that C, and Cj have the right typical distance
in the graph (modulo a factor (1 — €)). The right inequality simply means
that a and b belong to the same connected component. The following propo-
sition is the crucial step in the proof of the lower bound, the proof of which
is postponed to the end of this section.

PROPOSITION 4.2.  Consider a random graph G(n, (d;)}) with i.i.d. rate
one exponential weights on its edges. Suppose that the degree sequence (d;)}
satisfies Condition 1.1. Assume that the number of nodes with degree one

satisfy ugn) = o(n), and let a and b be two distinct vertices such that
deg(Cy) = O(1), and deg(Cy) = O(1). Then for all € > 0,

P(Hap) =1—o0(1).
Furthermore, the same result holds without the condition deg(C,) = O(1)
(reps. deg(Cp) = O(1)) if the node a (reps. b) is chosen uniformly at random.

Note that in particular, Proposition 4.2 is still valid when a and b are
chosen uniformly at random and hence provides a lower bound for (1.5).

Assuming the above proposition, we now show that

(7) If the minimum degree dpi, > 2, then there are pairs of nodes a
and b of degree dpin such that H,; holds and in addition, the closest
nodes to each with forward-degree at least two is at distance at least
(1 —¢€)logn/(dmin(l —¢q1)) w.h.p., for all € > 0.
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(74) If the minimum degree dyi, = 1, then there are pairs of nodes of
degree one such that H,; holds and in addition, the closest node to
each which belongs to the 2-core is at least (1 —¢€)logn/(1 — \.) away
w.h.p., for all € > 0.

This will finish the proof of the claimed lower bound.

4.1. Proof of the lower bound in the case dmi, > 2. Let V* be the set of
all vertices of degree dpin. We call a vertex u in V* good if Tu(l) is at least

1—¢ 1 :
— — 10gn, 1.€.
dmin(l_‘h) g ’ ’

Tu) 2 =5

and if in addition, deg(C}) < K for a constant K chosen as follows. Let D
be a random variable with the size-biased distribution, i.e., P(D = k) = gx.
The constant K is chosen in order to have with positive probability D <

K — dypin + 1 conditionned on the event that D > 2, ie.,

logn,

(4.4) y:yK::P(Bgdmin—1+K\ﬁz2)>0.

It is easy to verify that such K exists since v > 1.
It will be convenient to consider the two events in the definition of good
vertices separately, namely, for a vertex u € V*, define

= —€
4. = T,(1)> —————1
(4.5) &y { u(1) > dom(L— 1) ogn}, and

(4.6) £, = {deg(C.) < K}.

We note that in the case dunin > 3, the event &, for u € V* is equivalent to
having a weight greater than C}‘f log n on all the dy,;, edges connected to u,
and clearly, the two above events &, and &, are independent (conditionally

onu € V* ie., dy, = dnin)-

For u € V*, let A, be the event that u is good, A, := &, N &/, and let
Y be the total number of good vertices, Y := )" 14,. In the following, we
first obtain a bound for the expected value of Y, and then use the second
moment inequality to show that w.h.p. Y = Q(n°).

Consider the exploration process defined in Section 2.1, starting from a
node u € V*. At the beginning, each step of the exploration process is an
exponential with parameter dyi, (since there are dy;, yet-unmatched half-
edges adjacent to the explored vertices). In each step, the probability that
the new half-edge of the list L does not match to the other half-edge of L
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is at least 1 — 1/n. This follows by observing that there are at least n yet-
unmatched half-edges (by v > 1), and by using Lemma 4.1 (which says that
before M log n steps the exploration process meets a vertex of forward-degree
at least two). By the forward-degree coupling arguments of Section 2.2, the
probability that a new matched node be of forward-degree one is at least
ﬁgn). This shows that, with probability at least (1—1/ n)ﬁ&n) the exploration
process adds a new node of forward-degree one. This shows that the first
step in the exploration process a vertex of forward-degree at least two is
added will be stochastically bounded below by a geometric random variable
of parameter (1 — 1/n)f§n). Each step takes rate dp;, exponential time.
Therefore,

1—c¢

P() = P (Tu(l) > mlog n)
1

P (Exp (dmin (1 - (1- 1/n)f§n))> > m log n) )

In the last inequality we used the fact that a sum of a geometric (with
parameter 7) number of independent exponential random variables of rate
p is distributed as an exponential random variable of rate (1 — m)u. Note
that this in particular shows that

v

P(E,) > (1 —o(1)) exp(—(1 —€)logn) = (1 — o(1))n 1<

By using the coupling arguments of Section 2.2 (and by using Lemma
4.1), to bound the forward-degrees from above (and below) by i.i.d. random
variables having distributions 7™ (and 7(™) and then using the fact that
the asymptotic distributions of both 7™ and 7(™ coincides with the size
biased distribution {g}, we have P(&], | £,) = (1£0(1))y. We conclude that
P(Au) = P(E] | £)P(E,) = (1+0(1)yn~1+e.

This shows that

EY]= Y P(A) > (1+0(1)ypd,,, n".
ueV*
Note that above, we used Condition 1.1 which implies that [V*| = (1 +
0(1))pdminn'
We now show that Var(Y') = o(E[Y]?). Applying the Chebyshev inequal-
ity, this will show that ¥ > %ypd n® with high probability.

For any pair of vertices u,v € V* such that C, N C, = (), conditioning on
A, does not have much effect on the asymptotic of the degree distribution
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(by Lemma 4.1 the size of each component C,, is at most M logn), and
hence, we deduce by the coupling argument of Section 2.2 that for u and v
such that C, N C, = 0,

B(A, N Ay) = (1 £ 0(1))P(A,)P(4,).

We infer
Var(Y) =E[Y?] ~E[Y]* =E[ }  14,14,] - E[Y]?
u,veV*
= E| > 14,14, + > 1a,14,] - E[Y]?
u,weV*: CyyNCy#D u,weV*: CyyNCrp=0
=E[ ) 14, > 1a, + > 1a,14,] - E[Y]?
ueV* veEV*: CyyNCy#D u,weV*: Cp,yNCrp=0
<(K+1D)(Mlogn) B[] +E[ > Ta,da] - E]?

u,weV*: CyyNCry=0
= o(E[Y]?).

In the inequality above, we used Lemma 4.1 to bound w.h.p. the size of all
Cy by Mlogn (for some large enough M) for any node w in the graph, and
used the fact that if the event A, holds, then there are at most K edges
out-going from C,. Each of the vertices v with the property that C,,NC, # 0
should be either already on C, or connected with a path consisting only of
vertices of degree two to Cy (in which case, this path should belong to C).
A simple analysis then shows that the number of nodes v with the property
that Cy, N C, # ) is bounded by (K + 1)M logn, and the inequality follows.

This finishes the proof of the fact that ¥ > %pdminyn6 with high proba-
bility.

We consider first the flooding time, and obtain the corresponding lower
bound. Let Y’ denote the number of good vertices that are at distance
at most mlogn + ﬁlogn from a vertex a (chosen uniformly at
random). It is clear that the lower bound follows by showing that Y/ <Y
with high probability, i.e., ¥ — Y’ > 0 w.h.p. To show this, we will bound
the expected value of Y’ and use Markov’s inequality.

Since by Condition 1.1, V* has size linear in n by applying Proposition 4.2,
we obtain that for a uniformly chosen vertex v € V*, conditioning on A,, we
have P(H,,,) = 1—o0(1). Indeed, the two events H, , and &, are independent,
and conditioning on &, is the same as conditioning on deg(C,,) < K = O(1).

Therefore, for a uniformly chosen vertex u in V*, we have

P (A NHG,) = o(P(Ay)),
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where H ,, denotes the complementary event of H,y, i.e., the event that
Ha,u does not occur. Thus, a straightforward calculation shows that E[Y'] =
o(E[Y]) = o(nf). By Markov’s inequality, we conclude that Y’ < Zpg . yn®
w.h.p., and hence Y — Y is w.h.p. positive. This implies the existence of a

vertex u whose distance from a is at least (ﬁ + m> (1 —¢€)logn.

Hence for any € > 0 we have w.h.p.

floody, (a, Gy) > max disty (a,u)
ueV*

1 1 1

> 1[dmin = 2] + ——1[dmin > 3] | (1 — €) logn.

_<I/1+2(1q1) [dmin ]+dmin [dmin > ])( €)logn
We now turn to the proof of the lower bound for the (weighted) diameter

of the graph. The proof will follows the same strategy as for the flooding

time, but this time we need to consider the pairs of good vertices.

Let R denote the number of pairs of distinct good vertices. Recall we
proved above that w.h.p. Y > %E[Y] Thus,
2E[Y] 2E[Y] 1 9
—— —1) > -E[Y]*.
S 1) > B

The probabilities that v and v are both good and H, , does not happen
can be bounded as follows.

R=Y(Y -1)>

P(Ay N A, NHE,) = P(A,NA)PHS, | Ay, Ay)
= P(A,NA,)P (Hi,v | deg(Cy) < K, deg(Cy) < K)
(We used the independence of H,,, and &, and &,)
(4.7) = o(P(A,NA,)).

The last equality follows from Proposition 4.2, since C;, and C,, are of degree

o(1).

To conclude, consider R’ the number of pairs of good vertices that are

at distance at most (1 — e)(Q% + lf?) By using Equation (4.7), we

have ER' = o(E[Y]?). Applying Markov’s inequality, we obtain that w.h.p.
R < %(E[Y])Z, and thus, R — R is w.h.p positive. This implies that for any
€ > 0, we have w.h.p.

diam,, (Gp) > max  disty,(u,v)
u,veV*

1 1 2
> 1{dmin = 2 1{dmin > 1—¢)l .
> <1/—1 + - [d ]+ i [d 3])( €)logn
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4.2. Proof of the lower bound in the case dyy, = 1. Consider the 2-core
algorithm, and stop the process the first time the number of nodes of degree
one drops below n!=¢/2. Let V* be the set of all nodes of degree one at this
time. We denote by é’n(V*) the graph constructed by configuration model
on the set of remaining nodes (this is indeed the V*-augmented 2-core).
Observe that proving the lower bound on the graph G,(V*) gives us the
lower bound on G,,.

Since |V*| = o(n/logn), and the 2-core has linear size in n, w.h.p. the
degree sequence of én(V*) has the same asymptotic as the degree sequence
in the 2-core of G,, (see Section A, Lemma A.2 for more details). In par-
ticular, we showed in Section A that for the size-biased degree sequence of
the 2-core’s degree distribution, we have ¢; = A,, and for its mean, we have
v=u.

Repeating the coupling arguments of Section 2.2 and defining 7
to the definition of 7)) for the degree sequence of G, (V*), we infer that
™
Similar as before, call a vertex u in V* good if both the events &, and &,
hold. Recall the definition of the two events

(n)(

similar

1

(4.8) £, = {:%uu)z 11 — logn}, and
(4.9) £ = {deg(C) < K} .

Here the constant K > 2 is chosen with the property that ¢x > 0 (g is
the size-biased probability mass function corresponding to the 2-core, c.f.
Section A), and T, is defined similarly to T, for the graph G, (V*).
Consider the exploration process starting from a node u € V*. At the
beginning, each step of the exploration process is an exponential of rate
one, and the probability that each new matched node be of forward-degree

exactly one is at least %5") . Similar to the case of dnin = 2, we obtain

P(A,) > (1+0(1)dxP (Exp (1 - %@) >1—e(1—\,) logn)
— (14 o(1))dx exp(—(1 — e)llf(;;) logn)
5
(L o(1))d e

This shows that

E[Y] = Y P(A) > n'"*(1 £ 0(1)drx n " = (1 +o(1))gxn/?,
ueV*
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Similarly, we obtain that Var(Y) = o(E[Y]?), and the rest of the proof follows
similarly to the precedent case by using Proposition 4.2 for én(V*) Note
that in G,,(V*), the number of vertices of degree one is o(n) = o(|G,(V*)|)
and thus, Proposition 4.2 can be applied.

At the present we are only left to prove Proposition 4.2.

4.3. Proof of Proposition 4.2. In this section we present the proof of
Proposition 4.2. It is shown in [23, 29] that the giant component of a random
graph G(n, (d;)7) for (d;)} satisfying Condition 1.1 contains w.h.p. all but
o(n) vertices (since v > 1 and u(()n) + ugn) = o(n)). This immediately shows
that P(disty, (Cq, Cp) < 00) = 1 —o0(1). Define ¢,, := ﬁ logn. So to prove
the proposition, we need to prove that dist,,(Cy, Cp) is lower bounded by t,
w.h.p. in the case where either deg(Cy) = O(1) (reps. deg(C, = O(1)) or a
(reps. b) is chosen uniformly at random.

In the case where a is chosen uniformly at random, it is easy to deduce, by
using Markov’s inequality, that we have w.h.p. deg(C,) < logn. Indeed, this

is true since deg(C,) is asymptotically distributed as (D +D-1 ] D> 2),

where D is a random variable with the size-biased distribution, and D is
independent of D with the degree distribution {pj}. (To show this, one can
use the coupling argument of Section 2.2 to bound deg(C,) stochastically
from above.) And, since this latter random variable has finite moment (by
Condition 1.1), by applying Markov’s inequality, we obtain w.h.p. deg(C,) <
log n. This shows that in all cases stated in the proposition, we can assume
that deg(C,) < logn and deg(C}) < logn.

We now consider the exploration process defined in Section 2.1 starting
from C,, i.e., we start the exploration process with B = C,, and apply the
steps one and two of the process. In a similar way we defined T,(7), we define
Tc, (i) to be the time of the i-th step in this continuous-time exploration
process. Similarly, let c/l\cu (7) be the forward-degree of the vertex added at
i-th exploration step for all ¢ > 1, and define

(4.10) Se, (i) := deg(Co) + de, (1) + ... + de, (i) — i,

~

and define S¢, (i) similarly, so that we have S¢, (i) < S¢, (7). Note that
Tc, (i) obviously satisfies

Te, (i + 1) = T, (i) = Bxp (Sc, (1) 2 Yi~ Bxp (S, ()

where the random variables Y; are all independent.
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Also, we infer (by Lemma 2.4) that

7
(4.11) Sc,(i) < logn+ Y Dy i,
j=1
where 55@) are i.i.d with distribution 7",

Let 7(™ be the expected value of Eﬁ”) which is

() = Z kﬁ]in),
k

and define z, = y/n/logn. We will show later that the two growing balls
in the exploration processes started from C, and Cp, for a and b as in the
proposition, will not intersect w.h.p. provided that they are of size less than
zn. We now prove that T¢, (z,) > t, with high probability.

For this, let us define

k i
T’(k:)wZExp 10gn+25§-n)—i ,
i=1 =1

where all the exponential variables in the above sum are independent, such
that by the above arguments, we have
TCa (Zn) Zst T,(Zn)
We need the following lemma. (We define Exp(s) := +oo for s <0.)

LEMMA 4.3. Let X1,..., X be a random process adapted to a filtration
Fo = U[@],fl, vy Fty and let py = EX;, 3, = X1 +...+ X, A= [N s Y V7
Let Y; ~ Exp(%;), and Z; ~ Exp(A;), where all exponential variables are
independent. Then we have

Vit oY, >0 21+ .+ 7,

PrOOF. By Jensen’s inequality, it is easy to see that for positive random
variable X, we have
Exp(X) >4 Exp(EX).

Then by induction, it suffices to prove that for a pair of random variables
X1, Xo we have Y1 + Yy >4 Z1 + Z5. We have

P(Yl + Yy > S) = EXl [P()fl + Y5 > S|X1)]
Ex, [P(Exp(X1) + Exp(X1 + p2) > s)]

>
> P(Z+ Zy > 3).
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We infer by Lemma 4.3,

T'(z) 240 Y Bxp (logn + (7 = 1)i) = T*(z0),
=0

where all exponential variables are independent.
We now let b, :=logn — (7" — 1), so that we have

Zn

P(T*(z,) < t) < / e” S (@b gy de, TT(@™ — 1)i + ba)
doxi<t im1

Zn
- / DS vt gy dy,, TT(F™ — 1)i + b),
0<y1 <<y, <t i1

where y;, = Z;:ol x4, —i. Letting y play the role of y, , and accounting for all
permutations over yi, ..., Y., —1 (giving each such variable the range [0,y]),
we obtain

Hf%(”ﬁ%)
(zp, — 1)!

t —(n) Z(n) zn—1
e ([ S ey dy, | dy
0 [0,y)n—1

[62 i+ ,,(n) 7)

P(T*(2,) < t) < (™ — 1)

= Z’Il Zn! ( ( ) J— 1)
t zZn—1
/ o~ (T —1+by) (H/ Yo~ @)= 1)yldy>d
0
Zn b
= [0+ =)@ - 1)
pale} @™ —1)

t _
[ o vy
0
3” +1 t —(n —(n zZn—1
< Czﬁ’< (v (n) _ 1)/0 6—(1/( ) —14bn)y (1 _ e—(l’( )—1)y> dy,

where ¢ > 0 is an absolute constant. Recall that ¢, = ﬁlog n, and

—(n Zn—1 a
zn, = \/n/logn. Now we use the fact that (1 — e )_1)y> <e ", for
some « > 0 and for all 0 <y < t,,. We infer

) ) 7Bt [ ey
P(T*(zn) <tn) <c(@ 1)z e " dy=o(n""),
0
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since b, = O(logn). Hence, we have w.h.p.
| Bu(Ca tn)| < 2n.

(Here naturally, for W C V', we let B,,(W,t) = {b, such that dist,,(W,b) <
t}.)

Similarly for b, and exposing B,,(Cs,t,), again w.h.p we obtain a set of
size at most z,. Now remark that, because each matching is uniform among
the remaining half-edges, the probability of hitting By, (Cq,t,) is at most

Sc, (zn) /1.
Let €, := loglogn. By Markov’s inequality we have

P <§Ca (2n) = Znen) < E§Ca (2n)/znen

_ K+ @™ — 1) (2, + \n) — o(1).

Zn€n

We conclude
P ( Bu(Castn) N Bu(Coytn) #0)
< P (BulCasta)l > 2 ) + P (|BulCotn)| > 20 )
+ P (Scu(zn) = znen) + enz2/n = o(1).
This completes the proof of Proposition 4.2.

APPENDIX A: STRUCTURE OF THE 2-CORE

The k-core of a given graph G is the largest induced subgraph of G with
minimum vertex degree at least k. The k-core of an arbitrary finite graph
can be found by removing vertices of degree less than k, in an arbitrary
order, until no such vertices exist.

Consider now a random graph G, ~ G*(n,(d;)}) where the degree se-
quence (d;)} satisfies Condition 1.1. In the process of constructing a random
graph GG, by matching the half-edges, the k-core can be found by successively
removing the half-edge of a node of degree less than k followed by removing
a uniformly random half-edge from the set of all the remaining half-edges
until no such vertices (of degree less than k) remain. What remains at this
time is the k-core. Since these half-edges are unexposed, the k-core edge set
is uniformly random conditional on the k-core half-edge set. Let £ > 2 be a
fixed integer, and Core,in) be the k-core of the graph G,, ~ G*(n, (d;)}). For
integers [ > 0 and 0 < r <, let 7, denote the binomial probabilities

p) = F (Bintt.p) = 1) = (| )1 -
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We further define the functions

h(p) := Z erﬂrlr(p), and hq(p) := Z Zplmr(p).

r=k l=r r=k l=r

THEOREM A.1 (Janson, Luczak [21]).  Consider a random graph G(n, (d;)})
where the degree sequence (d;)} satisfies Condition 1.1. Let k > 2 be fized,

and let Core,gn) be the k-core of G(n, (d;)}). Let p be the largest p < 1 such
that up® = h(p). Assume p > 0, and further suppose that p is not a local
mazimum point of the function h(p) — up®. Then

v (Coregl)> /n BN hi(p) >0, v, (Coregl)) /n L ;plﬂl]’(ﬁ)

for j >k, ande (Corelin)> /n 2, up?/2.

From now on, we consider the case k = 2, and denote by G the 2-core
of a graph G. In particular applying Theorem A.l to the case k = 2, we
have h(p) := pp — >, 1 pr p(1 —p)'™1 = pp (1 — G4(1 — p)). Recall from
Theorem A.1 that we have to solve the equation up? = h(p), thus, we obtain
1-p=Gy(1—p),andsop=1— A

By Theorem 10 in [28], the graph G,, obtained from G, has the same
distribution as a random graph constructed by the configuration model on 7

) g

nodes with a degree sequence Jl , ..., d " satisfying the following properties,

anSh(l-2) = 1-GpA)—(1—-NG,\)
= 1-Gp(\) —pA(1—N) >0,

and
G =i 5 ()0 -tz
l=j

Z(ign)/n 2w =22

It follows that the sequence {Jg"), s J%")} satisfies also the Condition 1.1 for
some probability distribution pj with mean fi (which can be easily calculated
from the two above properties).
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Let ¢ be the size-biased probability mass function corresponding to p. We

now show that ¢ and ¢ have the same mean. Indeed, denoting by  the mean
of ¢, we see that U is given by

vo= Zk(jk:izk(k_l)ﬁk
A b

Dza k= 1) ey pe(3) (1= AFATH

p(l—N)?
_ 2o0bed oy bk — 1) (j,) (1 = A)FA*
n(1 = A)?
{4 —1
I
To find the diameter in the case dy,i, = 1, we also need to show that §; = A,:
o2 2emp() (NN
fi p(l = N)?
1
(A.2) = ;GZ()\) = G;()\) = A

We will also need the following relaxation of the notion of 2-core. Let
G = (V, E) be a graph. For a given subset W C V', define the W-augmented
2-core to be the maximal induced subgraph of G such that every vertex in
V' \ W has degree at least two, i.e., the vertices in W are not required to
verify the minimum degree condition in the definition of the 2-core. The
W-augmented 2-core of a graph G will be denoted by G(W).

It is easy to see that the W-augmented 2-core of a random graph G,, ~
G*(n, (d;)}), denoted by G, (W), can be found in the same way as the 2-
core, except that now the termination condition is that every nodes outside
of W must have degree at least 2, since the half-edges adjacent to a vertex
in W are exempt from this restriction. The conditional uniformity property
thus evidently holds in this case as well, i.e., for any subset W C V, the
W-augmented 2-core is uniformly random conditional on the W-augmented
2-core half-edge set. We will need the following basic result, the proof of
which is easy and can be found for example in [16, Lemma A.7].

LEMMA A.2. Consider a random graph G, ~ G(n,(d;)}) where the de-
gree sequence (d;)7 satisfies Condition 1.1. For any subset W C V(G,,),
and any w € W, there exists C > 0 (sufficiently large) so that we have

P (e(én(W)) — (G (W {w))) < Clogn) =1-o(n™).
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Note that the above lemma implies (by removing one vertex from W at a
time) that if |W| = o(n/logn), then w.h.p. the two graphs G,, and G, (W)
have the same degree distribution asymptotic.

APPENDIX B: THE RANDOM GRAPHS G(N, P) AND G(N, M)

We derive the results for G(n, p) and G(n, m) from our results for G(n, (d;)]
by conditioning on the degree sequence. Indeed, we can be more general and
consider a random graph Gy, with n vertices labeled [1, n] and some random
distribution of the edges such that any two graphs on [1,n] with the same
degree sequence have the same probability of being attained by G,. Equiva-
lently, conditioned on the degree sequence, G, is a random graph with that
degree sequence of the type G(n, (d;)}) introduced in the Introduction. We
may thus construct G, by first picking a random sequence (d;)} with the
right distribution, and then choosing a random graph G(n, (d;)}) for this
(di)7-

We assume that Condition 1.1 holds in probability:

CONDITION B.1. For each n, let d™ = (dl(n))’f be the random sequence
(

of vertex degrees of G, and ukn) be the random number of vertices with
degree k. Then, for some probability distribution (p,)72, over integers in-
dependent of n and with finite mean p := ", -, kpr € (0,00), the following
holds: -

(i) u,(cn)/n s i for every k > 1 as n — oo;
(ii) For some € >0, Y 72, k2+ﬁu,(€n) = 0p(n);

We first show that for G(n,p) and G(n,m), with np — u € (0,00) and
2m/n — u, Condition B.1 holds with (px) a Poisson distribution with pa-
rameter \, i.e., pr = e‘“‘é—?. Indeed the fact that Condition B.1(i) holds with
such (pg) follows by elementary estimates of mean and variance done in Ex-
ample 6.35 of [24] or Theorem 3.1 in [11]. Showing that Condition B.1(ii)
holds can be done by similar arguments. Consider G(n,p) (a similar argu-
ment holds for G(n,m)), we have for all £ > 0 and for n sufficiently large

n -1 —1—
n"'Euf” = <nk >pk(1—p)" R < ()RR

Thus, ! 2%, k2+Eu{™ = O(1), and Condition B.1(ii) holds.
The following lemma is similar to Lemma 8.2 in [22].

LEMMA B.2. If Condition B.1 holds, we may, by replacing the random
graph Gy, by other random graphs G) with the same distribution, assume
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that the random graphs are defined on a common probability space and that
Condition 1.1 holds a.s.

ProoF. If only Condition 1.1(i) was required, this lemma would be a
direct consequence of the Skorohod coupling theorem (Theorem 3.30 [25])
for the random sequence (u,gn)),‘;il in the space RY°. We now explain how
to incorporate Conditions 1.1(ii). Condition B.1 implies that it is possible
to find an increasing sequence C; for j > 1 diverging to infinity so that

considering the sets:

o0 o] o
Aj= {(xk),;”;l € RY, Zxk < 00, Zk2+exk < Cijk} ,
k=1 k=1 k=1

we have for all n, P (( (n)) €A ) >1—(24)"" (note that Y72 u n) =n).
Let q(-n) =P << (n)) € Aj ) so that qj('+)1 > q; "> 1_( j)~! forall j > 1. For

each ¢, we define an associated finite sequence: j ( ) fori=1,...,kM(0)
such that ]§ )(6) =1 and for i > 1, jz(n) (0) = mln{j > j )(E), q](-n) -
q(@)() > 2%} if qjd)(e) < 1— (207! and if q(?b) () — (2071, we set
K (0) = i, Let 70(0) = {5 (0) = 1, 5" ><£>7...,a,i<n><e>< )}. Note that,

since qén) >1—(20)71, we have k(™ (¢) < ¢.
We now explicitly construct a ’Skorokhod coupling’. Let 6 be a uniform
random variable in [0, 1] and define the random variable J™ (£) by: J(™ (¢) =

min{j € 7™ (¢),0 < q](-n)} if 6 < ql(ﬂ)(e) and if 6 > qli?2>(€), we set J(™)(¢) =

s0. We sct g™ (0) = 0, j{"(€) = oo for i > k™ (£), Ag = 0 and Ax = .

(]

With these definitions, we have for all n and i > 1, P(J(™(¢) = jl-(n) () =
(n)
P <(uk ) € Ajf”)(f)\Ajgn)l(Z)>'

For a given ¢ and for any i > 1, we define the random variables (™ (i) =
(ﬂ,(gn) (1))ken € RY having the law of (u,(gn)) conditioned on the event {(u,(C ))

( >(Z)\A (n) (Z)} Note in particular that by construction, if i < k(™ (£), w

have P (( (n )) € A oy \Aj@1 (€)> > (2¢)~!, hence if there exist an infinite

sequence of n such that i < k) (£), then we can apply the Skorohod coupling

theorem and assume that, along this subsequence, Condition 1.1(i) holds.
We can now combine this coupling with the following one: given 6 taken

uniformly at random in [0, 1], take ¢ = (ﬁ] and consider @™ (J™(¢))
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which has the same law as the original u(”). By construction, Condition

1.1(i) holds. Moreover, we have by construction J™(¢) < ¢ since qén) >

1— (2071 > 6, so that 4™ (J(™(¢)) € Ay and Condition 1.1(ii) holds.
0
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